ABSTRACT. A cathodoluminescence (CL) investigation on individual zircon crystals from Variscan S-type granites from the Western Carpathians has been combined with ion microprobe rare earth element (REE) and trace element analyses to explore possible connections between the CL emission of natural zircon crystals and their chemical composition. The work was supported by single zircon U-Pb dating, both by thermal ionization mass spectrometry (TIMS) and ion microprobe, which helped to identify inherited zircon cores derived from related protoliths and to constrain the ages of inheritance and anatexis.
, Th 4ϩ , or Hf 4ϩ in the Zr site in the structure. The replacement of Zr 4ϩ by REE 3ϩ requires compensation of the charge difference by, for example, P 5ϩ , Nb 5ϩ , or Ta 5ϩ , as described by Ohnenstetter and others (1991) and Cesbron and others (1995) . Natural zircon U contents range from ϳ1 to Ͼ20,000 ppm, and Th contents from ϳ0.5 to Ͼ5000 ppm (Heaman and Parrish, 1991) . Cesbron and others (1995) , Rémond and others (1995) , and Blanc and others (2000) carried out intensive studies of CL spectra from synthetic zircon doped with selected REE. These investigations also sought detailed information on the so-called intrinsic luminescence of zircon. CL spectra of undoped zircon were compared with spectra from zircon doped with REE 3ϩ . The observed differences were interpreted in terms of extrinsic CL triggered by the enclosed impurities and intrinsic CL due to defects in the zircon structure. Another relevant observation reported in the several studies was that CL spectra were variable and difficult to replicate, being dependent upon the calibration and the spatial resolution of the spectroscopic system (Rémond and others, 2000) . CL is probably governed by interactions between several elements (REE, U, Th), all of which need to be better understood before CL emissions can be interpreted quantitatively. Discrepancies observed between CL in synthetic and natural zircon have been attributed to the additional trace elements and impurities contained in natural crystals (Cesbron and others, 1995; Rémond and others, 1995) .
The ionic radius, ionic charge, and inter-atomic properties of the incorporated elements, therefore, have to be considered in any quantitative interpretation of CL spectra. Nevertheless, even the qualitative relationship between CL in natural zircons, chemical composition, and geological events remains poorly understood. Closer investigation of zircon composition and CL intensity in relation to geological processes such as magmatism, metamorphism, and migmatisation is required if this problem is to be solved.
The present study of individual zircon grains from several crustally-derived granites from the Western Carpathians, Slovakia, combines precise single zircon TIMS U-Pb dating (CLC-method: , and in situ Cameca 1270 and SHRIMP ion microprobe U-Pb dating with REE and trace element analyses by ion microprobe, and panchromatic and monochromatic CL by scanning electron microscope. By combining these techniques we show how CL and REE data can be used to assist in the interpretation of zircon geochronology.
analytical techniques
The zircon grains investigated in this study were separated from Variscan granitic rocks ranging from migmatites to granites, syenogranites, granodiorites, and tonalites. They were sampled in Slovakia in the Fatra, Western Tatra, and High Tatra Mountains. The rocks are well characterized geochemically and isotopically (Poller and others, 1999b) and are classified mainly as S-type granites with an affinity to H-type granites (Castro and others, 1992) . They were emplaced early in the Variscan into metasediments and metamorphic rocks assumed to be at least Cambrian in age. The granites were produced in a volcanic arc and collisional tectonic environment mainly from crustal material.
Samples of fresh rock were crushed and the heavy mineral fraction including zircon was extracted using common techniques such as separation by heavy liquids and Frantz isodynamic magnetic separator. For the scanning electron microscope and ion microprobe analyses the zircon grains were placed into a mount following the procedure of Poller and others (1997) , sectioned, and polished. The mounts were carbon coated for the SEM and CL work, and gold coated for the ion microprobe analyses.
Both a Hitachi S 450 with a panchromatic CL detector (for CL images, fig 1) and a LEO 1530 field emission scanning electron microscope with monochromatic CL detector (ASK SEM-CL) were used for the SEM and CL. The monochromatic mode operated with 15 kV between 200 and 900 nm with a spectral resolution of 0.22 nm and a grating groove density of 1200 g/mm. The exit slit was 2.5 nm wide. All spectra were collected on spots, which were 20 nanometers in diameter. The CL spectra of figure 4 are not normalized and were all collected with 100 nanometers/min under identical analytical conditions. Both SEMs were equipped with an energy dispersive system used for the qualitative identification of inclusions. The relative intensities for the CL spectra given in the text and in figure 4 were calibrated against the brightest area of each grain, allowing comparisons within each grain. Ion microprobe analyses for Y, Hf, and the REE (table 1) O, 30 Si, Y, Hf, and the REE were acquired in 6 measurement cycles, and the concentrations were calculated using a procedure similar to that of Zinner and Crozaz (1986) .
The U-Th-Pb isotopic compositions (table 2) of the High Tatra zircons were measured on SHRIMP II at the Australian National University, Canberra using procedures based on those described by Williams and Claesson (1987) and Claoué-Long and others (1995) . U-Th-Pb analyses of the Fatra rocks (table 3) were obtained from the CNRS Nancy using a Cameca IMS 1270 ion microprobe and analytical procedures described by Alexandrov and others (2000) . Isotope dilution measurements (TIMS) on CL-characterized zircons were done in Mainz using a MAT 261 massspectrometer in peak-stepping mode. Each zircon was spiked with a mixed 205 Pb-233 U solution and dissolved using the vapor digestion method of Wendt and Todt (1991) and the CL-controlled dating method (CLC-method; Poller and others, 1997) .
All U-Pb data were corrected using a common Pb composition determined by TIMS analyses of co-genetic galena and feldspar. All measurements were calibrated against frequent measurements of international standards (NBS 981, NBS 982, U nat for TIMS, and zircon standard 91500 (Wiedenbeck and others, 1996) for the ion microprobe).
results
The U-Pb single zircon dating by TIMS using vapor digestion and the CLCmethod (Wendt and Todt, 1991; yielded crystallization ages of 314 Ϯ 4 and 350 Ϯ 10 Ma for the Tatra granites and 310 Ϯ 5 Ma for the Fatra granitoids (Poller and others, 2000; Poller and Todt, in press ). SHRIMP age measurements on a small number of Tatra granite melt-precipitated zircon rims were on average somewhat higher, suggesting the presence of two age groups, at 342 Ϯ 5 and 351 Ϯ 4 Ma respectively (table 2, fig. 5 ). A single migmatite sample from the High Tatra also was analyzed. The crystallization age of the precursor of the migmatite was dated by TIMS single zircon U-Pb at 356 Ϯ 7 Ma, whereas the final migmatization occurred 332 Ϯ 5 Ma ago (Poller and Todt, in press) . A single zircon rim analyzed by SHRIMP yielded ϳ354 Ma (table 2). Upper intercept ages for the investigated series document the inheritance of Proterozoic material in the High Tatra and the Fatra granites, whereas the Koncista migmatite (High Tatra) also incorporated some Archean zircons (up to 3 Ga; Poller and others, 1999a) . The SHRIMP analyses confirm these ages and expand the data base, showing that the inherited zircon cores in both the High Tatra granitoids and migmatite are dominantly of late Neoproterozoic to early Paleozoic age (400-600 Ma) with a few of Mesoproterozoic and late Archean age. This age pattern indicates that the sediment from which the inherited zircon was derived was originally sourced from Gondwana, probably northern Africa, and deposited in Slovakia in the early Paleozoic, probably shortly after the Pan-African orogeny. Some cores are Variscan, indistinguishable in age from the rims and intermediate growth zones (table 2) .
Ten samples were chosen for the zircon REE studies. The areas analyzed were selected to sample different geological components and growth zones of different luminescence. Based on the previous CLC dating it was possible to evaluate which CL structures reflect what kind of geologic event, for example the concordant crystallization ages were all found in core-free, magmatically-zoned crystals. Both meltprecipitated outer rims (last crystallization phase) and old core components (inher- 
REE and trace element data of Western Carpathian zircons (Cameca IMS 3f).
d.I. ϭ below detection limit All REE and Y concentrations are in ppm. The 2 reproducibility is in the range of Ͻ 15% for the LREE and Ͻ 5% for the HREE, Y and Hf.
ited from the different protoliths) showing dark, gray or bright luminescence were therefore investigated. Due to the problems of quantifying the brightness of the CL signal, only a qualitative (dark, gray, bright) description of the signal strength was possible. The CL intensities should nevertheless be mutually comparable because all were produced under the same instrumental conditions.
The rare earth elements.-Based on several investigations (Ohnenstetter and others, 1991; Maas and others, 1992; Hanchar and Miller, 1993; Cesbron and others, 1995; Rémond and others, 1995; Kempe and others, 2000) the trivalent REE, especially Dy 3ϩ and to a lesser extent Tb 3ϩ , are considered to be the main factors responsible for the extrinsic luminescence in zircon. The intrinsic broad-band luminescence is probably caused by lattice defects, such as electron vacancies or electron defects). In order to find out if the REE contents can be directly correlated with changes in luminescence intensity, not only grains with very different CL signals were chosen, but also grains having, as far as possible, homogeneous CL brightness, but clearly visible core-rim structures. Different types of cores (for example, homogeneously zoned or diffuse and cloudy) also were investigated, as well as melt-precipitated rims displaying different CL signal strengths ( fig. 1) .
Zircon from Western Carpathians/Tatra has relatively high REE contents, especially the heavy REE ( fig. 2 ). Hoskin and Ireland (2000) reported Lu concentrations for zircon which are normally in the range of 1000 to 20,000 times chondritic. The Western Carpathian zircon, with a maximum concentration of 15,000 times chondritic Lu (1053-20, rim), is within this normal range, but the zircon standard used (91500, from a Canadian syenitic pegmatite; Wiedenbeck and others, 1995) , with 800 times chondritic Lu concentration, is low. The Tatra zircon in general has much higher REE concentrations than the 91500 standard zircon, even in areas of similar CL brightness. Comparison of the various REE patterns demonstrates that the rims of the zircon grains have similar distributions and concentrations of the REE, even though those grains come from different rock types (granites, tonalites, and migmatite). This is consistent with the recent study by Hoskin and Ireland (2000) , which showed that zircon grains from rock types they investigated have very similar chondrite normalized REE patterns and abundances. All rims investigated in this study were of Variscan age. The chondrite normalized (CI) REE patterns ( fig. 2A ) of all the rims are very similar, in particular for the heavy REE. It makes no difference whether the zircon is from fig. 2B ). In contrast, the bright cores ( fig. 2C ) vary greatly, especially in the slope of the HREE (Gd/Lu ϭ 0.2 -1.5). Nevertheless, most of the bright cores have similar slopes in the HREE (Gd/Lu around 0.57) and similar absolute REE concentrations to the gray ones of figure 2B , except for core 1037-4. Core 1037-4 has not only much lower HREE concentrations (total REE ϭ 173 ppm) but also a different slope of the HREE pattern (Gd/Lu ϭ 1.5). Such flat REE patterns are known from zircon from kimberlites (Belousova and others, 1998) , carbonatites (Hoskin and Ireland, 2000) , and eclogites (Rubatto and Williams, 2000) . This indicates, as anticipated, that REE concentrations do not alone determine CL brightness. This conclusion is strongly supported by figure 2D , where the data for bright medium zones are given together with those for dark cores. Both groups of points have a rather flat pattern for the HREE (Gd/Lu: 0.6 medium zones, 6.0 cores) and comparably low total REE concentrations (medium zones 800 ppm, cores 400 ppm). Two of the cores and rims are from the same zircon 1044-82 R (CL image: fig. 1B , REE pattern: fig. 2A The behavior of Hf, Y, U, and Th-When searching for alternatives to the REE as the cause of the extrinsic CL in zircon, the effects of other trace elements such as Y, U, and Th must be considered. The investigations by Pupin (1992) of the tectonic setting of rocks were based on zircon Hf and Y contents. Possible connections between U, Th, and REE, the age of the samples, and the CL signal were discussed recently by Ashwal and others (1999) and by Hoskin and Black (2000) .
We note that there is indeed an inverse correlation between the brightness of the CL signal and the Hf and U concentrations, as illustrated in figure 3A and 3C. The weakly luminescent areas (dark filled symbols) are more enriched in Hf and U than the bright zones (open symbols). Intermediate areas (gray filled symbols) with grey luminescence are characterized by intermediate Hf concentrations. Yttrium, on the other hand, does not correlate at all with the CL brightness -the dark areas have Y contents that range from 600 to 5000 ppm ( fig. 3A) . Neither does CL brightness correlate with the sum of the REE and Y contents ( fig. 3B ). We also analyzed for phosphorus, but uncertainties in the measurements due to isobaric interferences were too large to include phosphorus in this contribution. Qualitatively, however, phosphorus does not appear to show any correlation with CL brightness.
All areas analyzed with dark luminescence, including rims and cores, have much higher U contents (700-2000 ppm, figs. 3C and 3D) than the gray or very bright areas, just as observed for Hf. This behaviour of Hf and U has already been reported following earlier electron microprobe (Hanchar and Miller, 1993) and ion microprobe (Williams and others, 1996b) studies.
In contrast, Th concentrations of all investigated zones range between 10 and 200 ppm, regardless of the CL characteristics ( fig. 3D ). Hf and U, but not Th, therefore seem to correlate with the CL signal. Figure 3C illustrates this but shows that it is a negative correlation of Hf and U with the CL brightness. Only the combined effect of high U and Hf concentrations could be documented in the present study, not the effects of the individual elements.
U and Hf are identified as elements responsible for suppressing, or at least diminishing, the CL signal of the investigated zircons. This is consistent with results reported by Williams and others (1996b) , who reached the same conclusion. Nevertheless, they also documented one example where late redistribution of U could be demonstrated to have no effect on the CL signal. Another factor also to be considered is accumulated radiation damage from alpha recoil which disrupts the long-range crystallographic order and may thus contribute to a suppression of the CL signal. In general terms, low-U young zircon would be expected to be less affected in this regard (C) The Hf versus U concentration plot demonstrates the negative correlation of both elements to the CL brightness.
(D) The U versus Th concentration plot demonstrates the negative correlation of U and the uncorrelated distribution of Th with regard to the CL brightness. than high-U old zircon, the exception being zircon of any age that had remained at sufficiently high temperatures for radiation damage to anneal.
REE and their influence on CL spectra.-In addition to the comparison of REE patterns from areas with different panchromatic CL brightness, CL spectra also may be used to investigate the influence of REE on the CL brightness at a given wavelength. Figure 4 shows the CI normalized REE pattern of three different zones of zircon 1032-8 together with the CL spectra for the same points. REE patterns C (ϭ core) and M (ϭ medium zone) are remarkably similar, not only in their absolute concentrations but also in their slopes. Pattern R ( ϭ rim) differs in both absolute abundances and HREE slope. The interesting point is that the patterns of the core (C) and of the rim (R) are from equally dark luminescent areas and pattern M represents the bright medium zone. This documents clearly the apparent independence of REE contents and CL brightness in this case.
As can be seen from the CL spectra ( fig. 4 ) the zircon seems to correspond to the so-called "yellow" CL zircon described by Ohnenstetter and others (1991) . The bright luminescent medium zone reaches the highest (relative) intensity with 348 counts at about 548 nm. The two dark areas reach 97 and 71 counts (ϳ480 nm) as maximum intensities.
In general, Dy 3ϩ , and to a lesser extent Tb 3ϩ , are the species commonly considered responsible for the principal peaks in zircon CL spectra (Marshall, 1988; Rémond and others, 1990) . This was well documented in the studies of Hanchar and Miller (1993) , Hanchar and Rudnick (1995) , Cesbron and others (1995) , Rémond and others (1995) and Blanc and others (2000) , all of whom attributed the peaks at about 480 and 575 nm observed in CL spectra of doped synthetic zircons to Dy 3ϩ . In our example, pattern M (bright zone) has an absolute Dy content of 58 ppm. In contrast, pattern R (dark rim) has an absolute Dy concentration of 326 ppm. According to the experiments with doped zircons, the grain with the higher Dy content should also have higher CL emission at 500 to 600nm (for similar U contents and ages). Figure 4 shows that this is not the case. The dark luminescent area with high Dy content reaches only 71 counts, whereas the zone with less Dy, exhibiting bright luminescence, has a higher intensity with 348 counts. This observation is consistent with the findings of Koschek (1993) , who concluded that differences in CL spectra might originate from different intrinsic CL centers (for example, lattice vacancies) rather than from the incorporation of elements such as Dy. The U and Hf concentrations of these zones must also be considered, however. Both elements may quench CL emission, and the brightest luminescent zone of figure 4, the intermediate zone 1032-8 M, does in fact have the lowest U and Hf content (U ϭ 79.3 ppm, Hf ϭ 1.4 wt percent, compared to U ϭ 579 ppm, Hf ϭ 1.86 wt percent for the core and U ϭ 1238 ppm, Hf ϭ 2.0 wt percent for the rim, both of which are dark luminescent). However, Hf and U are coupled to each other, and due to the physics of the energy levels of both elements, U seems to have the dominant suppressing effect. This is evident in the first ion microprobe analyses we did recently of homogeneously dark luminescent zircon crystals from diorites of the Western Carpathians, which have up to 3000 ppm U but only 1 wt percent Hf (compare to the zircons of this study in fig. 3C ).
geological and geochronological consequences
The ion microprobe analyses reported here demonstrate that REE concentrations and more specifically heavy REE concentrations do not correlate with the brightness of CL in zircon from the Western Carpathian granites. The source rock for some zircon cores, however, seems to have had a significant influence on their REE distribution and concentrations. Nevertheless, bright, gray, or dark luminescent areas in the investigated zircon grains are not associated with particular REE patterns. This is docu- Fig. 4 . REE patterns of three zones of the zircon UP 1032-8 (see CL image). The REE patterns of the dark core (C) and the bright medium zone (M) are similar, whereas the dark rim (R) has a distinctly different REE pattern.
The lower part of the figure shows the corresponding monochromatic CL spectra, done at the same points as the REE analyses.
mented in figure 4 which shows the three REE patterns of three zones of the zircon crystal UP 1032-8.
As already illustrated in figure 2A , zones of similar CL brightness, for example the dark rims, can represent a specific geological event such as the Variscan magmatic phase (constrained by CLC dating, Poller and others, 2000; Poller and Todt, in press). They reflect very similar and homogeneous REE patterns, and their U-Pb ages are the same, ϳ345 Ma (table 2, fig. 5 ).
Of special interest are the bright cores of figure 2C . Whereas most of the zircon cores from the migmatite and the granites have nearly identical REE slopes (Gd/Lu ϭ 0.57) and concentrations (total REE ϳ1400 ppm), the core 1037-4 has much lower concentrations (total REE ϭ 173 ppm) and a flatter slope (Gd/Lu ϭ 1.5). The three bright luminescent cores from sample 1037 show nearly the same CL intensity, but the 1037-4 core, which is much older, has a different REE pattern, indicating a different protolith (tables 2 and 3). This suggests that the genetic (geologic) component is also significant in determining CL response. The influence of the source rock is also reflected in the size of the negative Eu anomalies. Hoskin (1998) , Schaltegger and others (1999) , and Hoskin and others (2000) concluded that Eu anomalies reflect the prior Eu depletion of the melt or fluid from which the zircon crystallized. This could be caused by the preferential incorporation of Eu into co-existing plagioclase. Rubatto and Williams (2000) concluded from their study of HREE depletion in zircon from garnet-bearing eclogites that the presence or absence of a negative Eu anomaly in zircon reflects the presence or absence of coexisting plagioclase. Applying this reasoning to the granite problem, different protolith source rocks for inherited zircon might also be reflected in different HREE patterns in the zircon cores. HREE enrichment in coexisting garnet or clinopyroxene in the protolith might be of importance. Table 2 ; REE analyses see Table 1 ).
Considering the geological applications of CL and REE studies of zircon, Hoskin and Ireland (2000) and Hoskin and others (2000) concluded that, over a wide range of rock types, zircon REE abundances and patterns are very similar and therefore are of little use as indicators of provenance. On the other hand, the results of the present study show that for at least the granites of the Western Carpathians, differences in inherited zircon REE patterns do reflect differences in their protoliths and are of value in the interpretation of CL images and zircon U-Pb ages. They are less useful for the interpretation of analyses of melt-precipitated rims, which generally yield a single concordant magmatic age, but can be of assistance in discriminating between rims and cores that yield indistinguishable ages (for example, grains 1044-75 and 1057-30: table 2).
Production of S-types granites involves the reworking of crustal materials, dominantly metasediments. Commonly these are derived from a variety of sources and therefore contribute inherited zircon of a variety of ages to the granite. Analysis of these composite zircon populations by conventional or even single grain TIMS techniques inevitably involves the analysis of mixtures, each measured composition being determined by the ages of the components present and any isotopic disturbance that they have suffered at any time in their history. In a simple case, the analyses might define a fan of discordance lines, the common lower intercept recording the last magmatic stage (for example, anatexis and the emplacement of the granite), and the several upper intercepts the ages of various inherited components. Loss of radiogenic Pb, however, is a complication that commonly leads to the magmatic age calculated by this method being an underestimate (Williams 1992) . Ion microprobe in situ microanalysis overcomes these problems by enabling separate and multiple analyses of cores and rims by which individual ages can be measured and Pb loss detected. Access to high resolution ion microprobes remains limited, however, so it is important to find some other tool by which inherited zircon from the same source might be identified.
Combining several TIMS analyses of single zircons to define a discordance line that will yield upper and lower intercepts representing the ages of inheritance and magmatism respectively is only valid if the inherited core in each grain has the same age and origin. Figure 5 illustrates the SHRIMP U-Pb rim analyses for the High Tatra granites (table 2) . Five analyses of sample UP 1044 are concordant at ϳ350 Ma, but the three analyses of cores are discordant. These cores show two different REE patterns ( fig. 6 ): grains A and B have low REE contents and low HREE slopes (Gd/Lu of A ϭ 15.3 due to extremely low Lu content, Gd/Lu of B ϭ 1.0), the core of grain C is enriched in HREE and has a steep slope (Gd/Lu ϭ 0.06). On the concordia diagram ( fig. 6 ) analyses of grains A, B, and the concordant young zircons lie on a discordance line with an upper intercept age of 2004 Ϯ 32 Ma. In contrast, the line through analyses of grain C and the same young concordant zircons yields an upper intercept age of 2665 Ϯ 14 Ma. Grains A and B from this High Tatra granite were possibly inherited from a garnet-or clinopyroxene-bearing protolith, as indicated by their low HREE contents. Grain C probably originated from a different, garnet-free source rock. The calculated upper intercept ages have previously been found in several other cogenetic High Tatra granites and are reasonable from a geological point of view.
This example shows that REE patterns of inherited zircon cores in the same sample may be used to identify cores from different sources. They cannot, however, be used to prove that any two cores come from the same source. It is also not always necessarily valid to assume that each core analysis lies on a discordance line with a lower intercept at the age of magmatism. A recent close comparison between the U-Pb ages of detrital zircon in a sediment and the U-Pb ages of inherited zircon in a granite Fig. 6 . REE patterns of three dark luminescent cores from the High Tatra granite. Grain A and B have similar patterns whereas C is much more enriched in HREE.
The lower part of this figure shows the corresponding U-Pb discordia diagram (SHRIMP data). Together with concordant zircons at 350 Ma grain A and B define an upper intercept around 2000 Ma, grain C an upper intercept around 2700 Ma.
in zircon from Western Carpathian Variscan granitoids
formed from that sediment by anatexis found no evidence for loss of radiogenic Pb from the detrital zircon during magma genesis (Williams, in press ).
The results presented in this study documenting the consistency of the REE patterns of cogenetic rocks offer a potential solution to the common problem of interpreting TIMS analyses of inheritance-bearing zircon populations. Cores must show very similar REE patterns if they are truely cogenetic. Although similar REE patterns are not alone a proof of consanguinity, the quality of discordance lines and the proper identification of protoliths by upper intercept ages inferred from single grain TIMS analyses can be significantly improved through this REE characterization technique.
summary This study of CL and trace element and REE concentrations in natural zircon leads to several important conclusions:
• Variations in CL intensity show no direct correlation with the zircon REE, Y, or Th content.
• Uranium (and possibly Hf) and related radiation damage may suppress the CL intensity, and both elements are negatively correlated with the CL signal.
• Chondrite normalized REE patterns of cogenetic zircon rims are very similar, regardless of the brightness of their CL signal.
• Zircon CL spectra are not simply related to the content of any particular REE element.
• Inherited zircon cores from a single sample, but probably originating from different protoliths, can be distinguished by their REE patterns. This can be used to discriminate which analyses might possibly lie on geologically-meaningful discordance lines. CL images of zircon crystals are an essential guide to ion microprobe analyses for trace elements and geochronology. These analyses can be used to constrain the age and origin of the inherited cores, and the age and distribution of magmatic or migmatic overgrowths.
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